The jasmonic acid (JA)-responsive gene RERJ1 isolated from suspension-cultured rice cells encodes a transcription factor with a basic helix-loop-helix motif. In this study, we found that RERJ1 is also expressed in rice plants in response to JA, and that its expression in rice leaves is up-regulated by exposure to wounding and drought stress. It is also suggested that JA but not abscisic acid is involved in the up-regulation of RERJ1 expression caused by wounding and drought stress.
The plant hormone jasmonic acid (JA) regulates various developmental processes in plants and plant defense responses against abiotic and biotic stresses. 1) To obtain basic information on the biological functions and signal transduction pathways of JA, we have isolated and characterized cDNAs for JA-responsive genes such as RRJ1, RRJ2, and OsOPR1 from suspension-cultured rice cells treated with JA for 2 h. 2, 3) In addition to these JA-responsive genes, we isolated a cDNA for a JA-responsive gene named RERJ1 that encodes a novel transcription factor with a basic helixloop-helix (bHLH) motif from suspension-cultured rice cells treated with JA for 1/2 h. 4) Plant bHLH proteins are a multigene family of transcription factors. More than 100 bHLH genes have been identified in the rice and Arabidopsis thaliana genomes respectively. 5) Although some plant bHLH proteins are involved in anthocyanin pigmentation, globulin expression, phytochrome signaling, and so on, the functions of most plant bHLH proteins are unknown. 5) In a phylogenetic tree of plant bHLH proteins that we constructed, RERJ1 was classified into a clade consisting of functionally unknown bHLH proteins, suggesting that RERJ1 plays novel biological functions in rice. 4) Analysis of the phenotypes of rice plants expressing sense-and antisense-RERJ1 mRNA indicated that RERJ1 is involved in the inhibition of shoot growth caused by exogenously applied JA, 4) but the other biological functions of RERJ1 in rice remain unknown. Since JA is involved in various stress responses in higher plants and RERJ1 is a JAresponsive gene, as already described, RERJ1 is likely to be involved in stress responses in rice. Hence we carried out expression analysis of RERJ1 in rice plants with several stress treatments. We found that RERJ1 expression was transiently up-regulated by wounding and drought treatments in rice leaves. Here we report the details of this finding.
As plant materials, we used 2-week-old rice seedlings (Oryza sativa L. cv. Nipponbare) grown in a nutrient solution reported by Fukuda et al. 6) at 28 C using a 14 h light (200 mmol m À2 s À1 ) and 10 h dark regime. Figure 1 shows RERJ1 mRNA levels in leaves, leaf sheaths, and roots of the rice seedlings treated with JA. The rice leaves and leaf sheaths were collected from rice seedlings that were sprayed with (AE)-JA solution (100 mM in water containing 0.1% MeOH) and left under the light condition for 1/4-3 h, and the rice roots were collected from rice seedlings treated with the above JA solution by a submerged method 7) under the light condition at 28 C for 1/4-3 h. Northern blot analysis were conducted as described previously using 32 P-labeled RERJ1 cDNA as a probe.
4) The RERJ1 mRNA levels in leaves, leaf sheaths, and roots respectively began to increase within 1/4 h, peaked at 1/2 h, and then decreased rapidly. Since RERJ1 mRNA was up-regulated in response to exogenous JA similarly in all the organs of the rice seedlings, rice leaves from 2-week-old seedlings were used for the treatments described below. Since the plant hormone abscisic acid (ABA) as well as JA has y To whom correspondence should be addressed. Hisakazu YAMANE, Fax: +81-3-5841-8030; E-mail: ayamane@mail.ecc.u-tokyo.ac.jp; Kazunori OKADA, Fax: +81-3-5841-8030; E-mail: ukokada@mail.ecc.u-tokyo.ac.jp Abbreviations: JA, jasmonic acid; ABA, abscisic acid; bHLH, basic helix-loop-helix; 2,4-D, 2,4-dichlorophenoxyacetic acid; DMSO, dimethyl sulfoxide; MeOH, methanol been demonstrated to be involved in gene activation in response to wounding and drought treatments, [8] [9] [10] ) the effect of ABA on RERJ1 expression was also examined.
The rice leaves were excised from 2-week-old seedlings, and the excised leaves were floated on 25 ml of water in petri dishes (9 cm in diameter) for 3 h to remove the influence of the excision (wounding), to prepare them for treatment by wounding, drought, JA, and ABA. These treatments were carried out under the light condition at 28 C. Excised rice leaves were cut 2 mm in width, and the resultant leaf segments were floated on 25 ml of water containing 0.1% methanol (MeOH) in covered petri dishes (9 cm in diameter) to serve as a wounding-treated sample. Excised rice leaves placed on tissue paper without water were used as a droughttreated sample. Excised rice leaves floated on 25 ml of water solutions (0.1% MeOH) of JA (100 mM) and ABA (100 mM) in covered petri dishes (9 cm in diameter) serve as JA-and ABA-treated samples respectively. Excised rice leaves floated on 25 ml of water (0.1% MeOH) were used as a control. As shown in Fig. 2 , wounding upregulated the RERJ1 mRNA level within 1/4 h and maintained the elevated level until 1/2 h, followed by a rapid decline to the basal level at 2 h. The drought treatment also up-regulated the RERJ1 mRNA level within 1/4 h, and the elevated level declined rapidly to the basal level at 1/2 h. The JA treatment of the rice leaves up-regulated the RERJ1 mRNA level, which peaked at 1/2 h, as in the case of the rice leaves sprayed with the JA solution. On the other hand, the ABA treatment had no significant effect on RERJ1 expression.
Thus the possibility can be considered that JA but not ABA is involved in the up-regulation of RERJ1 expression caused by wounding and drought treatments.
To obtain evidence supporting the above hypothesis, we determined endogenous JA levels in the rice leaves under wounding and drought stress. Stress treatments of rice leaves were carried out as described above, and the rice leaves (about 0.5 g fresh weight each) were sampled at the indicated period of time and immediately frozen with liquid nitrogen. Frozen plant material was homogenized in liquid nitrogen, and JA was extracted with 70% aqueous MeOH (20 ml/g fresh weight). For recovery and quantification purposes, (AE)-2-(2,3-2 H 2 )JA 11) was added to the extract as an internal standard. The extract was loaded onto a Sep-Pak C 18 cartridge (Waters, Hidesheim, Germany, Boston, MA), and the 70% aqueous MeOH eluate was analyzed by LC-MS-MS.
As shown in Table 1 , endogenous JA increased to a level about four times more than that of the corresponding control at 1/4 h after wounding treatment, and In each lane, 10 mg of total RNA was loaded and separated by gel electrophoresis. After transfer to Hybond N þ nylon membrane, the RNA was probed with 32 P-labeled RERJ1 cDNA. Northern blot analysis was conducted three times. One series of data is shown. In the respective controls, no significant RERJ1 expression was observed (data not shown). Northern blot analysis was carried out as described in the legend to Fig. 1. decreased to the basal level at 3 h. On the other hand, after the start of drought treatment the endogenous JA level began to increase within 1/4 h and continued to increase until 3 h. Considering that both the endogenous JA and the RERJ1 mRNA levels began to increase within 1/4 h after the wounding and drought treatments, JA is likely to be involved in the transient increase of RERJ1 expression after wounding and drought treatments, although the time courses of changes of endogenous JA levels induced by exposure to the respective stresses were different. The reason RERJ1 expression in the rice leaves treated with JA was later than that in the cases of wounding and drought treatments is probably that it took time to take in exogenous JA.
In this study, we found that the JA-responsive bHLH transcription factor gene RERJ1 is expressed in response to exogenous JA in leaves, leaf sheaths, and roots of rice in a vegetative stage, and that RERJ1 expression in the leaves was up-regulated by exposure to wounding and drought stress. In addition, the possibility was confirmed that JA but not ABA is involved in the up-regulation of RERJ1 expression after wounding and drought treatment. To obtain further information on the biological functions of RERJ1, we are investigating the target genes of RERJ1 by microarray analysis using transgenic rice overexpressing sense-RERJ1 mRNA. The results will be reported elsewhere in the near future. The contents of JA in each plant material were quantitated by LC-MS-MS using (AE)-2-(2,3-2 H 2 )-JA as an internal standard. 11) LC-MS-MS is composed of an API-3000 instrument with a turboionspray inlet system and an HP 1100 HPLC instrument (Hewlett Packard, Palo Alto, CA) fitted with a Pegasil ODS column (150 mm long, 2 mm in diameter; Senshu Scientific). The solvents used were water containing 0.1% acetic acid (A) and MeOH containing 0.1% acetic acid (B). A 20-min linear gradient (5% to 100% B) was applied 5 min after injection. The flow rate was 0.1 ml min À1 . JA was analyzed in the negative-ion mode with nitrogen was a collision gas. JA was detected in combination at m=z 209/59 in the multiple-reaction monitoring mode. The retention time of JA was 22.7 min. Each value represents the mean AE standard deviation from the three replicates. 
